Leptin is an adipocyte-derived hormone-cytokine that regulates a number of physiologic functions, including energy homeostasis and immune function. Circulating leptin levels correlate with total body fat mass and signal the central nervous system regarding energy storage (1) . Declining serum leptin, which occurs in both humans and mice during starvation or in malnutrition, may serve as a signal to the host to conserve energy by shutting down energy-expensive functions (such as immune function) when energy intake is lacking (2, 16) . In the leptin-deficient mouse, spontaneous mutation of the ob gene results in the formation of a nonfunctional leptin protein and leptin deficiency (19) . While leptin-deficient (ob/ob) mice are obese, they also exhibit a number of hormonal and immune abnormalities that are observed in animals during starvation. Exogenous leptin administration reverses these abnormalities (2, 4, 8, 10, 12) . Since leptin has been shown to regulate phagocytosis in macrophages (10, 12) , we asked if leptin plays a role in polymorphonuclear neutrophil (PMN) phagocytosis of bacteria and we determined the opsonic receptors through which leptin modulates this response.
Female leptin-deficient (C57BL6j ob/ob ) and wild type (WT; C57BL/6j) mice 8 to 12 weeks old were obtained from The Jackson Laboratory (Bar Harbor, Maine) and maintained under pathogen-free conditions, and all experiments were conducted in compliance with the Animal Care and Use Committee of the University of Michigan. For leptin replacement, leptin-deficient mice received an intraperitoneal injection of murine recombinant leptin (1 g/g of initial body weight; Calbiochem, San Diego, Calif.) or saline twice daily for 10 consecutive days as previously described (2, 8, 11) . Mice were weighed every 3 days, and food intake was monitored daily. Glycogen-elicited peritoneal PMNs were obtained as previously described (14) . By light microscopy, Wright-Giemsa (Diff-Quick; American Scientific Products, McGaw Park, Ill.)-stained cells obtained by peritoneal lavage consisted of approximately 80% PMNs and 20% macrophages. Cells (2 ϫ 10 5 / well) were allowed to adhere to eight-well Falcon slides (Becton Dickson, Franklin Lakes, N.J.) for 1 h in RPMI medium. Cells were cultured overnight with complete medium alone (RPMI medium, 10% fetal bovine serum [Gibco], 1% penicillin-streptomycin) or with murine recombinant leptin at 500 ng/ml. Preparation of immune serum and opsonization of Klebsiella pneumoniae with specific immune serum (IS), nonimmune serum (NIS), and heat-inactivated immune serum (HIS) has been described previously (13) . PMN phagocytosis of opsonized K. pneumoniae was performed as previously described (14) . The phagocytic index was determined by calculating the number of internalized bacteria per 100 cells. For flow cytometry, cell pellets were resuspended in staining buffer (0.1% NaN 3 and 1% fetal bovine serum in FA buffer [Difco, Detroit, Mich.]) at a final concentration of 2 ϫ 10 6 cells/ml and incubated with rat immunoglobulin G (IgG; isotype-matched control monoclonal antibody; PharMingen, San Diego, Calif.) on ice for 10 min to eliminate nonspecific binding. The cells were then incubated with 0.25 g of fluorescein isothiocyanate (FITC)-labeled anti-Gr-1 (RB-8C5) and either 0.25 g of FITC-labeled anti-CD16/32 (2.4G2) or 0.25 g of FITC-labeled anti-CD11b (Mac-1) (M1/70; Pharmingen) for 30 min on ice. Following washing with staining buffer, the cells were fixed in 1% paraformaldehyde in buffered saline, stored at 4°C, and protected from exposure to light until analyzed by flow cytometry (Coulter Elite ESP, Palo Alto, Calif.). Samples were gated for size by using 90°light and forward scatter data, and Gr-1 ϩ cells were then analyzed for staining by the specific FITClabeled antibodies. At least three replicate wells per condition were evaluated in each experiment, and the number of individual experiments is indicated in the figure legends.
Leptin replacement in leptin-deficient mice resulted in significant weight loss that may be attributed to reduced food intake and possibly increased activity since these normally lethargic mice were much more active after leptin replacement (Table 1) . These results were expected since leptin is known to reduce food intake and increase energy expenditure in both mice and humans (1) . As shown in Fig. 1 , phagocytosis was approximately 40% lower in PMNs from leptin-deficient mice than in those from WT mice. In vivo leptin replacement nearly restored PMN phagocytosis of K. pneumonia. Importantly, the phagocytic indices of PMNs from WT and leptin-deficient mice following leptin replacement were not statistically significantly different. Exogenous leptin (500 ng/ml) administered overnight in vitro completely restored the phagocytic defect in PMNs from leptin-deficient mice, suggesting that leptin can directly restore this response. The attenuation of phagocytosis in PMNs from leptin-deficient mice suggests that the presence of circulating leptin may play an important role in PMN effector functions. This observation is consistent with the findings of Caldefie-Chezet and coworkers, who reported that PMNs express a functional leptin receptor and that leptin can augment stimulated PMN reactive oxygen species generation (3). While impaired phagocytosis in macrophages from leptin-deficient mice has been reported (6, 10, 12) , this is the first demonstration, to our knowledge, that in the absence of leptin, PMN phagocytosis of bacteria is impaired. The ability of leptin to reconstitute phagocytosis in macrophages from leptin-deficient mice has also been described previously (6, 10, 12) .
By using the same in vivo leptin replacement protocol, Ahima has shown that circulating leptin, shortly after leptin administration in vivo, reaches supraphysiologic levels (2). Thus, it is likely that the PMNs in leptin-deficient mice during leptin replacement, in the present study, were exposed to very high circulating leptin levels in vivo. Likewise, the dose of leptin (500 ng/ml) used to completely restore phagocytosis in PMNs from leptin-deficient mice in vitro was also supraphysiologic. In contrast, normal leptin levels in the serum of WT mice range from approximately 1 to 5 ng/ml at baseline and increase to 7 to 15 ng/ml in response to systemic infection or inflammatory stimuli (5, 12, 15, 18) . While it is unlikely that PMNs would be exposed to a circulating-leptin level of 500 ng/ml, it is possible that PMNs may encounter very high local leptin levels while circulating through or migrating into infected or inflamed tissue containing adipocytes (the primary source of leptin). Therefore, in the setting of a local infection, leptin that is elaborated by adipocytes may up regulate the phagocytic capacity of PMNs.
In order to determine if the defect in phagocytosis observed in PMNs from leptin-deficient mice was dependent on complement or IgG opsonization of K. pneumoniae, we compared phagocytosis in PMNs from WT and leptin-deficient mice by using K. pneumoniae opsonized with IS (containing complement and IgG), HIS (IgG), and NIS (complement). While phagocytosis of K. pneumoniae opsonized with either IS or NIS in PMNs from leptin-deficient rather than WT mice was reduced approximately 40% (Fig. 2) , there was no difference in phagocytosis when K. pneumoniae was opsonized with HIS. These results suggest that complement receptor-mediated phagocytosis in PMNs from leptin-deficient mice may be defective.
To determine if the observed defect in phagocytosis in PMNs from leptin-deficient mice was related to phagocytic receptor expression, we assessed Gr Data are expressed as the mean change in body weight or mean daily food intake per mouse after 10 days Ϯ the standard error (n ϭ 5).
b P Ͻ 0.05 (value is greater than that of the control group by a paired t test). c P Ͻ 0.05 (value is greater than those of both the control and leptin-deficient groups by a paired t test).
FIG. 1. Exogenous leptin administered in vivo or in vitro restores phagocytosis in PMNs from leptin-deficient mice in vitro. Exogenous leptin was administered in vivo by intraperitoneal injection to leptindeficient mice twice daily (1 g/g of body weight) for 10 days or in vitro by culturing PMNs overnight with leptin at 500 ng/ml. The phagocytic index of PMNs from WT mice was 210 Ϯ 50. Data are presented as the mean Ϯ the standard error (n ϭ 3 or 4). *, P Ͻ 0.05 with respect to the WT (control) by a paired t test. (Fig. 3) . This is in agreement with the findings of Santos-Alvarez and associates, who reported that leptin can stimulate monocyte CD11b expression (17) . A likely explanation for the impairment in PMN bacterial phagocytosis in leptin-deficient mice is decreased complement receptor expression. The complement receptor CR3, a heterodimer composed of CD11b and CD18 molecules, recognizes the complement fragment C3bi, which is known to opsonize bacteria and enhance phagocytosis (7) . The experiments with different types of opsonizing serum support this conclusion. Interestingly, reduced phagocytosis and CD11b expression in PMNs from mice following severe calorie restriction has been reported (9) . It is also important to note that reduced CD11b expression in PMNs from leptin-deficient mice may not completely explain the attenuation in phagocytosis; since CD11b expression was reduced by approximately 25% in the leptin-deficient mice, the phagocytic index in PMNs from these animals was reduced by approximately 40% ( Fig. 1 and 2 ).
In summary, we have demonstrated that, in the absence of leptin, PMN phagocytosis of bacteria is impaired and that exogenous leptin administration in vivo or in vitro can restore this response. The phagocytic defect in PMNs from leptindeficient mice can be explained, at least in part, by impaired complement receptor expression that can be restored by leptin replacement in vivo. The increased susceptibility to infection observed during starvation and in the malnourished may be partially explained by reduced circulating leptin and impaired PMN phagocytosis.
